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Trapping of 134Cs in frog skin epithelium as a function of short circuit
current. In the sodium/potassium pump of the isolated frog skin epithe-
hum, '34Cs can to a certain degree replace potassium. If 13'Cs in almost
a carrier-free amount is added to the solution bathing the inside of the
frog skin in an Ussing chamber, there will be an uptake of 134Cs into the
epithelium cells which is proportional to the short circuit current. Trans-
epithelial flux of 34Cs in leaky epithelia, for instance small intestine and
frog skin glands, indicates a paracellular pathway. The consequences of
these findings for the recycling-theory are discussed.
Methods
The experiments were performed at room temperature using
skin from cold adapted Rana temporaria. Epithelium was isolated
after collagenase treatment according to the procedure used by
Carasso et al [1].
The isolated epithelium, supported by a steel mesh on the
external surface, was mounted in conical Perspex chambers
(exposed area 2 cm2), containing frog-Ringers.
The open circuit potential and short circuit current of the
epithelium were measured following the principles described by
Ussing and Zerahn [2J. The preparation was equilibrated under
open circuit potential conditions for 60 minutes. The epithelium
was short circuited, whereafter 134Cs was added to the inside
bath for 60 minutes. The epithelium was subsequently washed in
non-radioactive Ringers solution for 30 minutes, whereafter the
radioactivity of the tissue was measured according to the usual
routines.
The frog-Ringer solution consisted of 111 mrvi NaCl, 1.88 mM
KCI, 2.4 mM NaHCO3, 1 mvt CaCl2 2H20 [2]. Oubain (G-
Strophantin Octahydrat) was provided by SIGMA. Caesium-134
was supplied by the Danish Atomic Research Station (Risø,
Denmark).
Results
Figure 1 shows the results from a series of experiments. Each
point shows as ordinate the fraction in permille of the '34Cs
contents of 1 ml inside bath, which had been trapped in 1 cm2
epithelium during one hour as a function of the short circuit
current. Since before counting, each epithelium had been thor-
oughly washed with inactive Ringers solution for 30 minutes, the
134CS was really trapped. The reason for this phenomenon is that
once 134Cs had entered the cell, it was in a medium with a high
concentration of K. If a 134Cs ion were to leave the cell via a
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K channel, it was up against two obstacles: (1) the few 134Cs
ions in the carrier-free medium would have to compete with an
enormous number of K ions; K ions are preferred relative to
134Cs by K channels, as well as cotransporters. Actually, the
Na/K-pump prefers K relative to '34Cs by a factor of about 5.
The assumption that the Na/K-pump is the main entry path
for 34Cs in the frog skin epithelium is strongly supported by the
finding that addition of ouabain to the inside bath reduced the
'34Cs-trapping dramatically. The fact that the ratio between
134Cs-trapping and the short circuit current remained the same
after (partial) ouabain inhibition, as it was before, is in agreement
with the assumption that the Na4 /K-pump is the only entry path
for 134Cs into the epithelium cells.
Discussion
In the case of the isolated frog skin epithelium, the '34Cs-
trapping method is very satisfactory, and it has the advantage that
relative to oxygen consumption methods it is much more specific.
Its accuracy depends, however, on a good mixing of the medium,
so that the ratio between K and '34Cs is the same near the
pump sites as it is in the bulk solution. That is why it is necessary
to use isolated epithelia (split off after treatment of the skin with
collagenase) rather than whole frog skin. However, to the extent
it is possible to estimate or calculate the 134Cs11K ratio near the
pump sites, the 134Cs-trapping method will be useful.
But beyond being the basis for a new analytical method, the
'34Cs-trapping method has important consequences. Once
nearly carrier-free 134Cs has entered a cell, it will stay there as
long as the cell is alive. This also means that almost carrier-free
'34Cs cannot pass through an epithelium except via a paracellu-
lar pathway! The isolated frog skin epithelium itself is a tight
epithelium, and we find that virtually no '34Cs activity passes
from the inside bath (where it is present in high concentration) to
the outside bath.
In toad small intestine, however, as well as in secreting frog skin
glands, we find that 134Cs can pass in both directions. With
identical solutions on the two sides of the intestine, the flux ratio
for '34Cs (lumen-blood/blood-lumen) is always about 2 to 1; [4].
In the secreting frog skin gland the forward flux of '34Cs is about
4 times the backward flux. Thus we can say with certainty that in
both tissues, there is a paracellular pathway for ions the size of
'34Cs (and K) through which there is a net flow of water in the
net "forward" direction. The use of '34Cs-trapping for calculat-
ing Na-recycling in frog skin glands will be treated in a separate
paper.
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Fig. 1. Trapping of '34Cs in frog skin epithelium as a ftrnction of short-
circuit current. For experimental details see the Methods section [3].
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solutes across an epithelium cannot take place by a single passage
through cells, but also requires recycling of solutes via a paracel-
lular pathways. The interaction between solute and solvent in the
paracellular space can be described as osmotic or frictional. The
two descriptions are identical according to Einstein [3].
The calculations, based on the interaction between solutes and
solvent as being frictional, may seem awkward. It has, however,
the advantage that the variables can be measured, in contrast to
such variables as the hydrostatic pressures and chemical compo-
sition of narrow paracellular spaces. The fundamental variable,
the frictional coefficient between the solute and water is equal to
RTIDC, where D, is the free diffusion coefficient for the solute in
question. What makes this variable particularly useful is the fact
that in the present study we use identical solutions on the two
sides of the preparation and that, fortunately, both the frog skin
glands and the toad small intestine happen not to develop any
potential difference between the two sides under the conditions of
our experiments. This means that no transport work can be done
at the expense of differences in pressure, potential or chemical
0.2 0.4 0.6 0.8 1.0 1.2 differences between the bathing solutions. All the work done by
Na-pump flux, [mmol/(cm2.hr)] ion pumps within the tissues is dissipated by friction as heat.
Therefore the osmotic work and the frictional heat development
are identical.
With respect to the toad small intestine the '34Cs-trapping is
presently under study. However, it was shown long time ago [5]
that a sink for a solute does not change the flux ratio. Thus there
is a drag force, acting on the '34Cs in the paracellular pathway,
to give a flux ratio about 2, a force that obviously must be solvent
drag. (There is no potentional difference between the inside and
outside solutions; there is no hydrostatic pressure difference and
there is no chemical difference between the bathing solutions.)
The machinery driving water through the paracellular pathway
actually is very simple: The sodium pumps, which are localized
laterally (and not basally!) in the epithelial cells are pumping Na
into the paracellular space, and since the junction represents a
higher resistance to Na than does the basement membrane, Na
will predominately leave the paracellular space across the latter.
However, due to the fact that even the basement membrane
represents a significant resistance to Nat, the concentration of
Na(Cl) in the paracellular space is increased over and above that
of the lumen side. Therefore water is sucked osmotically from the
lumen side and is delivered to the blood side.
As shown by Ussing and Eskesen [6] isotonic transport of
